ZnSe nanowalls are prepared on Zn substrates hydrothermally at 180 C for 12 h. The structure, morphology, and chemical composition of the ZnSe nanowalls are determined by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray analysis (EDS), and Raman scattering. The concentration of hydrazine hydrate (N 2 H 4 $H 2 O) plays an important role in the formation and morphology of the ZnSe nanowalls and XRD reveals that all the ZnSe nanocrystals have a cubic zinc blende structure. The ZnSe nanowalls with an optimal morphology deliver a good field electron emission performance with a turn-on field of 1.51 V mm À1 and enhancement factor of 4797. The formation mechanism is discussed. The simple and controlled preparation procedures and good properties of the ZnSe nanowalls bode well for application in electronics and optoelectronics.
Introduction
Two-dimensional (2D) nanomaterials have attracted enormous interest due to their novel and unique characteristics which are different from those of the corresponding bulk materials.
1-5
Previous studies have shown that some typical 2D nanomaterials are suitable for potential applications in photodetectors, 6 humidity sensors, 7 eld effect transistors, 8 etc. In particular, the eld emission properties of 2D nanostructures [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have attracted interest due to their potential applications. In eld electron emission, electrons are emitted from materials by quantum tunneling through the surface barrier under a strong electric eld and the technique is common in high-energy accelerators, at-panel displays, X-ray sources, microwave ampliers, and vacuum microelectronic devices. Wang et al. 20 reported that carbon nanosheets had a lower turn-on eld and higher eld enhancement factor than carbon nanorods and Rout et al. 21 showed that ower-like VS 2 nanosheets had large eld enhancement factors due to surface protrusions.
Zinc selenide, ZnSe, is an n-type semiconductor with a wide band gap (E g ¼ 2.67 eV) and used in blue-green light laser diodes, 22 blue color light emitting devices, 23 gas sensors, 24 photo detectors, 25 and catalyst supports. 26 Hao et al. 27 synthesized ZnSe spheres with good photoelectrochemical properties hydrothermally and Zeng et al. 28 fabricated ZnSe nanocones and nanobelts on Zn foils and the materials delivered high eld emission performance and had good optical characteristics. Zou et al. 29 found that the microstructure had a signicant effect on the photoluminescence properties of ZnSe nanoribbons and Zannier et al. 30 
Characterization
The crystal structure and phase composition of the ZnSe nanowalls were determined by X-ray diffraction (XRD; RigakuDmax 2550, Japan) with Cu K a radiation (l ¼ 1.5406 Ǻ) at 40 kV and 200 mA in a 2q range of . The composition of the sample was determined by X-ray energy dispersive spectroscope (EDS; Oxford IE 300 X) and the surface morphology was examined by scanning electron microscopy (SEM; JEOL JSM-5600LV), transmission electron microscopy (TEM; Hitachi H-600), and high-resolution transmission electron microscopy (HR-TEM; JEOL JEM-2100). The crystallinity of the ZnSe nanowalls was evaluated by Raman scattering (JY LabRam-1B).
Field emission measurements
The as-prepared sample pasted on polished Al substrate was used as the cathode and the ITO glass was used as the anode. In the measurements, the distance between electrodes was kept $500 mm to form a diode structure in the eld emission system. Field emission properties of the samples were measured in a ball-type vacuum chamber under a pressure of $5 Â 10 À4 Pa and the voltage was swept from 0 V up to 3400 V with an interval of 50 V to measure the corresponding eld emission current.
Results and discussion
The XRD spectra of the as-synthesized samples are depicted in Fig. 1 and can be indexed to the cubic zinc blende ZnSe with a ¼ 5.669Å of the JCPDS le no.80-2346. The diffraction peaks of the ZnSe nanowalls are assigned to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2) and (4 0 0) planes and no characteristic peaks of other crystalline forms are detected by XRD. The composition of the ZnSe nanosheets (Sample 3) determined by EDS indicates that the sample is composed of Zn and Se with a molar ratio of about 1 : 1. In order to investigate the inuence of the concentration of N 2 H 4 $2H 2 O on the morphology of the ZnSe nanowalls, different experimental procedures are implemented and the products are examined by SEM. Fig. 2(a-d) show the SEM images of 4 ZnSe nanowalls prepared with different concentrations of N 2 H 4 $2H 2 O. As shown in Fig. 2(a) , several thick and cluttered wall-like microstructures with the thickness of 60-100 nm are formed without N 2 H 4 $2H 2 O and the nanowalls are distributed irregularly. In the presence of 5 ml N 2 H 4 $2H 2 O, more uniformly distributed and thinner nanowalls are formed, as shown in Fig. 2(b) . Fig. 2(b) also shows that the nanowalls with the thickness of approximately 36 nm are thinner than those shown in Fig. 2(a) . As shown in Fig. 2(d) , if the amount of N 2 H 4 $2H 2 O exceeds 12 ml, the thin ZnSe nanowalls with the thickness of approximately 27 nm also uniformly distribute on the Zn substrate but these nanostructures are curlier than those in Fig. 2(c) . In addition, the edges of these nanowalls shown in Fig. 2(c) are sharper and the structures are more symmetrical than those of other samples. According to our experimental results, the surface morphology of the ZnSe nanowalls can be controlled by using different concentrations of N 2 H 4 $2H 2 O and the nanostructures with thin and no curly ZnSe nanowalls expected to have the best eld emission properties can be produced.
In addition, the inuence of the different reaction time on the morphology of ZnSe nanowalls (Sample 3) were carried out with other conditions keeping constant. The SEM images obtained at different reaction time are presented in Fig. 3(a-d) . When reaction time was performed for 2 h, random and aggregated ZnSe spherical particles were observed, as shown in Fig. 3(a) . When the reaction time was continued for 6 h, underdeveloped sphere-like structures evolve into sheet-like structures with small size completely covered the substrate, as shown in Fig. 3(b) . As can be seen from Fig. 3(c) , when the hydrothermal reaction time was prolonged to 10 h, a large quantity of rough ZnSe nanowalls with large size gradually grow, but there are still some aggregates. Along with the prolonged reaction time (12 h), large-scale regular and uniform nanowalls are formed, as shown in Fig. 2(c) .
A formation mechanism of ZnSe nanowalls (Sample 3) based on the different reaction time was proposed. Initially, nuclei are formed in the solution and then self-assembled to form small sheet-like structures. As reaction proceeded further, the presence of these assembled nanosheets further develop to form nanowalls with large size. The evolution of the ZnSe nanowalls morphology can be explained by the involvement of Ostwald ripening process. The spontaneously Ostwald ripening in the growth process will decrease the surface free energy of the nanocrystals through increasing the size of nanocrystals, resulting in further growth of superior sheet-like architectures. The results suggest that the generation of nanocrystals with small size is crucial for the formation of nanowalls. Therefore, by controlling the hydrothermal reaction time, the uniform ZnSe nanowalls can be obtained.
The phase structure and composition of the obtained ZnSe nanowalls at different reaction time was investigated by XRD. As can be seen from Fig. 3(d) , the XRD patterns of the samples obtained aer 2, 6, 10 and 12 h hydrothermal heat treatment show the cubic zinc blende phase. The XRD pattern of the sample prepared by heating for 2 h shows some peaks from impurities such as Se (JCPDS le no. 47-1516). Besides, the intensity of ZnSe peaks are relatively weak indicating poor crystallinity. As the reaction time was prolonged to 6-10 h, the relative intensity diffraction peaks at 37. 7 and 60 corresponding to Se become gradually disappeared, whereas the cubic zinc blende phase ZnSe grow rapidly and crystallization becomes better, indicating the formation of ZnSe from selenium. Finally, when the reaction time reached 12 h, ZnSe nanowalls without impurities were obtained. The results of XRD indicate that the crystallinity of ZnSe nanowalls would be enhanced with extended time. The morphology and structure of the ZnSe nanowalls (Sample 3) are further investigated by TEM, HRTEM and FFT. Fig. 4(a) and (b) show the low-magnication TEM image of an individual nanowall disclosing that it is at, smooth, and uniform in width. Fig. 4(c) shows the HR-TEM image of the nanowall in Fig. 4(a) . The planes with a spacing of about 0.2 nm are parallel to the growth direction coinciding with the interplanar spacing of the cubic ZnSe (2 2 0) planes. Fig. 4(d) displays the corresponding FFT pattern of the nanowall conrming that the hierarchical ZnSe structure is single-crystalline.
The ZnSe nanowalls are analyzed by Raman scattering 34 using the 532 nm excitation wavelength at room temperature. Fig. 5 shows a dominant peak at 251 cm À1 which can be assigned to longitudinal optical (LO) phonon scattering of the ZnSe crystal. The sharp Raman peak indicates that the ZnSe nanowalls have high crystallinity and a pure phase in good agreement with HRTEM and XRD. Compared to the LO phonon scattering peak at 255 cm À1 of previously reported nanocrystalline ZnSe, 35 the Raman peak at 250.8 cm À1 shis to lower frequencies due to the small size and large surface effects. 
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The chemical reactions are shown in the following: (1) and (2), N 2 H 4 $2H 2 O assists selenium dissolution and acts as a powerful reducing agent in the alkaline solution. It has been reported 37, 38 that N 2 H 4 $2H 2 O helps to form the proper coordination molecular template in the synthesis of zinc chalcogenides. We believe that N 2 H 4 $2H 2 O has the proper coordination ability with zinc to favor the growth of ZnSe nanocrystals. Addition of N 2 H 4 $2H 2 O has a signicant inuence on the morphology of the ZnSe nanostructures. Experiments performed in the absence of N 2 H 4 $2H 2 O reveal little dissolution of the Se powder and ZnSe nanostructures are not formed efficiently. By increasing the N 2 H 4 $2H 2 O concentration, the nanostructures begin to grow. In fact, N 2 H 4 $2H 2 O not only serves as a solvent, but also inuences the surface structure of ZnSe in the formation process. The process is illustrated in Scheme 1.
The FE characteristics are analyzed according to the FowlerNordheim (F-N) theory as shown in the following:
where J is the current density, E is the applied electrical eld, b is the enhancement factor, F is work function, and A and B are constants with the value of 1.54 Â 10 À6 AeV V À2 and 6.83 Â 10
, respectively. By adopting the Wenzel, Kramers, Brillouin (WKB) approximation, eqn (5) can be simplied as follows:
where a and b are constants, J is the eld emission current density, and E is the applied eld. According to eqn (6), the F-N plot can be drawn and the degree of linearity suggests that it is not thermal emission but instead eld emission. The J-E curves and F-N plots are presented in Fig. 6 . Fig. 6(a) shows the turn-on elds dened as the electric eld corresponding to a current density of 10 mA cm À2 are 4. ) and 1/E. The F-N plots show a roughly linear relationship implying that quantum tunneling is responsible for the emission. By using the slopes of F-N plot and assuming a work function of 4.84 eV for bulk ZnSe, 40 b was calculated to be 1109, 1896, 3678, and 4797 for samples 1, 2, 3, and 4, respectively. The eld enhancement factor (b) depends on the areal density and geometry of the emitters. Comparing the four samples with different, the Sample 3 with medium density of emission spots shows higher eld enhancement than the Sample 2 with high density of emission spots due to the relatively low density of emitters preventing the electrostatic screening effect. 41 The Sample 3 with thin nanowalls exhibits higher emission than the Sample 1 with thick nanowalls due to the structures with thin sheets and sharp edges. Moreover, Sample 3 have sharper edgelike structures than Sample 4 with curly edges thus favoring eld emission. All in all, ZnSe nanowalls composed of thin nanosheets (Sample 3) possessing low turn-on eld and large enhancement factor may be ascribed to the desired thickness of nanowalls and sharp edges on the surface, as shown in Fig. 2(c) . Hence, the enhanced eld emission performance can be achieved by adjusting the thickness of ZnSe nanowalls. Fig. 6(c-f) show the eld emission stability of the 4 samples by plotting the emission current density as a function of time.
The eld-emission current density of 4 samples is monitored for 200 min at an initial emission current density of 3 mA cm À2 .
Besides, the eld emission current density of Sample 3 was monitored at an initial emission current density of 1.5 mA cm
À2
and 5 mA cm À2 . The result suggests that the overall uctuations in eld emission current of Sample 3 does not show signicant degradation indicating excellent emission stability. 
